Introduction {#s1}
============

Glutamine (Gln) is believed to play a dual role as a precursor for amino acid neurotransmitters, such as glutamate and γ-aminobutyric acid (GABA), in the central nervous system [@pone.0048270-Schousboe1], and as a principal substrate for the Gln transporter (GlnT) ( = slc38a1; also referred to as SAT1/SNAT1/ATA1) shown to highly predominate in neurons over other cells in the brain. In astrocytes, the excitatory neurotransmitter glutamate is converted by the catalytic action of Gln synthase to Gln that is released to extracellular spaces, and then extracellular Gln is incorporated through GlnT expressed by neurons toward the synthesis of glutamate by glutaminase to fuel the neurotransmitter pool of glutamate at glutamatergic nerve terminals as the glutamate/Gln cycle [@pone.0048270-Schousboe1]--[@pone.0048270-Dolinska1]. Glutamine is actively incorporated into intracellular spaces in rat brain slices [@pone.0048270-Balcar1], indeed, while several independent lines of evidence indicate the involvement of different amino acid transporters in mechanisms underlying the active transmembrane incorporation process of Gln in the brain. For example, Gln transport is mediated by at least three sodium-dependent transport systems in the brain. These include system-A [@pone.0048270-Reimer1]--[@pone.0048270-Varoqui1], system-ASC [@pone.0048270-Broer2], [@pone.0048270-UtsunomiyaTate1] and system-N [@pone.0048270-Chaudhry1]. Moreover, Gln is transported through the sodium-independent system-L carrier composed of heteromeric assemblies of different subunits [@pone.0048270-Broer1], [@pone.0048270-Chillaron1], [@pone.0048270-Wagner1]. Of these different transporters capable of incorporating extracellular Gln across plasma membranes, the system-A transporter GlnT is supposed to be exclusively localized in neurons with high and selective affinity for Gln in the brain [@pone.0048270-Nagaraja1]--[@pone.0048270-Chaudhry2].

However, recent studies have demonstrated the expression of GlnT mRNA in primary cultured astrocytes prepared from rat whole brain, in addition to \[^3^H\]Gln influx and efflux activities insensitive to the selective system-A transporter inhibitor N-methylaminoisobutyric acid (MeAIB) [@pone.0048270-Heckel1], [@pone.0048270-Deitmer1]. Double immunohistochemistry analysis has demonstrated a clear co-localization of immunoreactivities for GlnT and a glial marker protein, glial fibrillary acidic protein, in cerebral cortex of adult rat and human brains [@pone.0048270-Melone1]. We have shown that GlnT is functionally expressed in cultured rat neocortical astrocytes devoid of neuronal marker expression, as well as cultured rat neocortical neurons, along with \[^3^H\]Gln incorporation sensitive to MeAIB [@pone.0048270-Ogura1]. Moreover, GlnT mRNA expression is down-regulated by lipopolysaccharide through the decreased promoter activity [@pone.0048270-Ogura1] and up-regulated through the transactivation mediated by cAMP/protein kinase A signals [@pone.0048270-Ogura2] in cultured astrocytes, respectively. The adenylyl cyclase activator forskolin is shown to increase the steady-state levels of mRNA for both GlnT (slc38a1) and ATA2 (slc38a2) isoforms with concomitant facilitation of sodium-dependent accumulation of \[^3^H\]MeAIB in the human liver cell line HepG2 [@pone.0048270-Hatanaka1].
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###### Primers used for RT-PCR in this study.

![](pone.0048270.t001){#pone-0048270-t001-1}

  Genes                                        Upstream (5′-3′)      Downstream (5′-3′)
  ----------------------------------------- ---------------------- ----------------------
  **[bHLH transcriptional factors]{.ul}**                          
  Mash1                                      AACAAACCAGACAGCCAACC   AAAGGCTGTCCGAGAACTGA
  Math3                                      TCTTCGACTGGCAAGGAACT   ACTAATGCTCAGGGGTGGTG
  NeuroD1                                    CAAAGCCACGGATCAATCTT   CCCGGGAATAGTGAAACTGA
  Hes1                                       GCCAATTTGCCTTTCTCATC   AGGCGCAATCCAATATGAAC
  Hes5                                       ATGCTCAGTCCCAAGGAGAA   CGCTGGAAGTGGTAAAGCAG
  Gapdh                                      ACCACAGTCCATGCCATCAC   TCCACCACCCTGTTGCTGTA

On the other hand, the green tea ingredient theanine ( = γ-glutamylethylamide) is a structural analog of Gln and shown to inhibit \[^3^H\]Gln incorporation in a concentration-dependent manner in cultured rat neocortical astrocytes and neurons, which both exhibit activities to incorporate \[^3^H\]theanine as well as \[^3^H\]Gln [@pone.0048270-Kakuda1]. Theanine elicits a suppression of the stimulation by caffeine of brain excitability [@pone.0048270-Kakuda2] along with a reduction of the systemic blood pressure [@pone.0048270-Yokogoshi1]. Prior intracerebroventricular injection of theanine leads to the protection of the hippocampal CA1 pyramidal neurons from delayed neuronal cell death in gerbils with bilateral forebrain global ischemia [@pone.0048270-Kakuda3], furthermore, while theanine is a poor inhibitor of ligand binding to three different ionotropic glutamate receptor subtypes in rat cortical neurons [@pone.0048270-Kakuda4]. By contrast, both neurons and astroglia are derived from neural stem cells defined as primitive cells endowed to proliferate for self-renewal and to differentiate into different progeny lineages [@pone.0048270-Gage1]--[@pone.0048270-Temple1]. These previous findings thus led us to establish stable transfectants of GlnT in mouse embryonal carcinoma P19 cells endowed to proliferate for self-renewal and differentiate into progeny cells, such as neurons and astroglia, in addition to evaluating *in vitro* pharmacological profiles of theanine on their proliferation and differentiation activities.

![Establishment of stable GlnT transfectants in pluripotent P19 cells.\
(A) P19 cells were stably transfected with GlnT expression vector, followed by selection of adequate clones after culture with G418 and subsequent determination of GlnT mRNA by Northern blotting. (B) Both EV2 and G13 clones were homogenized and subjected to determination of endogenous levels of Gln by HPLC. (C) Endogenous levels of Gln were quantified by HPLC in EV2, G13 and G17 clones (*n* = 8). \*P\<0.05, \*\*P\<0.01, significantly different from the control value in EV2 cells.](pone.0048270.g001){#pone-0048270-g001}

Materials and Methods {#s2}
=====================

Materials {#s2a}
---------

Mouse embryonal carcinoma P19 cells were purchased from Riken Cell Bank (Tsukuba, Japan). Theanine was purchased from Tokyo Kasei Kogyo (Tokyo, Japan). Antibodies against microtubules-associated protein-2 (MAP2) and β-tubulin, Hoechst33342, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) and all-*trans*-retinoic acid (ATRA) were purchased from Sigma Chemical Company (St. Louis, MO, USA). An Enhanced Chemiluminescence detection kit was purchased from Amersham Biosciences (Piscataway, NJ, USA). An anti-mouse IgG antibody conjugated with rhodamine and an anti-rabbit IgG antibody conjugated with fluorescein were obtained from ICN Pharmaceuticals (Aurora, OH, USA). Dulbecco's modified Eagle's medium (DMEM), alpha minimal essential medium (αMEM), Opti-MEM and fetal bovine serum (FBS) were purchased from GIBCO BRL (Grand Island, NY, USA). Epidermal growth factor (EGF) was provided by Biomedical Technologies (Stoughton, MA, USA). M-MLV Reverse Transcriptase, Lipofectamine reagent, Plus reagent and G418 were supplied by Invitrogen (San Diego, CA, USA). The dual luciferase assay system and pRL-SV40 were purchased from Promega (Madison, WI, USA). ISOGEN was purchased from NIPPON GENE CO. (Tokyo, Japan). rTaq DNA polymerase was obtained from TAKARA BIO INC. (Otsu, Japan). All other chemicals used were of the highest purity available. Culture plates (1.9 cm^2^, 24 wells) were purchased from Nalge Nunc International (Rochester, NY, USA).

![Proliferation of stable transfectants.\
(A) EV2, G13 and G17 clones were cultured with ATRA under floating conditions for 4 days. Typical phase contrast pictures are shown in this panel. (B) Transfectant clones were cultured with ATRA under floating conditions for a period up to 4 days, followed by calculation of the size of spheres formed on Day 2 and Day 4 in five different visual fields chosen at random in a blinded fashion (*n* = 3). (C) Cells were cultured for 4 days, followed by determination of MTT reduction (*n* = 8). \*P\<0.05, \*\*P\<0.01, significantly different from each control value in EV2 cells.](pone.0048270.g002){#pone-0048270-g002}

Establishment of Stable Transfectants {#s2b}
-------------------------------------

The expression vector of GlnT (pSI-GlnT) was prepared from the product by RT-PCR of rat GlnT coding region in primary cultured cortical neurons using a specific GlnT primer. This product was inserted into pSI, which is a vector for gene transfection, by using the Ligation High regent as described previously [@pone.0048270-Ogura3]. Mouse embryonal carcinoma P19 cells were plated at a density of 1.5×10^5^ cells/cm^2^, followed by culture in DMEM with 10% FBS for 24 h and subsequent stable transfection with pSI- GlnT, pSI-GFP and pcDNA3.1 vectors, or pSI, pSI-GFP and pcDNA3.1 vectors, using 2 µg of DNA and Lipofectamine and Plus reagent in 0.5 ml of Opti-MEM described previously [@pone.0048270-Hinoi1]. After 24 h, and every 48 h thereafter for 2 weeks, culture medium was replaced with fresh medium containing 500 µg/ml of G418. Pools of 17 clones were isolated as stable transfectants with GlnT expression vector and an empty vector (EV) in P19 cells for further studies using clones between passages 3 and 6.

Northern Blotting Analysis {#s2c}
--------------------------

GlnT cDNA including entire coding region was prepared from rat cortical neuronal mRNA by RT-PCR as described previously [@pone.0048270-Ogura3]. cDNA was then subcloned into pT7 blue vector. Plasmids were linearized and transcriptionally labeled by T7 RNA polymerase to make an antisense digoxigenin (DIG)-labeled cRNA probe. The DIG-labeled cRNA was stored at −80°C until use. An aliquot of total RNA (5 µg/lane) was subjected to electrophoresis on a 1% denatured agarose gel containing 2.2 M formaldehyde at a constant voltage of 50 V at room temperature and subsequently transferred onto positively charged nylon transfer membranes by capillary blotting. After fixation of RNA to the blot by UV crosslinking, blotted membranes were prehybridized at 68°C for 1 h, and subsequently hybridized with a denatured DIG-labeled RNA probe of GlnT at 68°C for 16 h. The hybridized membrane was successively washed with 2×SSC containing 0.1% sodium dodecylsulfate (SDS) at room temperature for 5 min twice and 0.1×SSC containing 0.1% SDS at 68°C for 15 min twice. The membrane was incubated with anti-DIG-AP-Fab, followed by incubation with CDP-star and subsequent exposure to X-ray films for appropriate periods to detect chemiluminescence. Hybridization signals were detected by autoradiography [@pone.0048270-Nakamura1].

![Differentiation of stable transfectants.\
Cells were dispersed after the culture with ATRA for 4 days, followed by further culture for an additional 2 days and subsequent immunocytochemical detection of MAP2 together with Hoechst33342 staining (*n* = 8--9). Typical pictures are shown in the panel (A), while quantitative data are shown in the panel (B) for cells cultured for 5 and 6 days in total. Transfectant clones were also cultured with ATRA for 4 days, followed by dispersion for further culture for an additional 2 days and subsequent immunoblotting analysis on MAP2 (*n* = 4--6). Typical pictures are shown in the panel (C), while quantitative data are shown in the panel (D). \*P\<0.05, \*\*P\<0.01, significantly different from each control value in EV2 cells.](pone.0048270.g003){#pone-0048270-g003}

High Performance Liquid Chromatography (HPLC) {#s2d}
---------------------------------------------

Cells were washed in cold PBS, followed by homogenization in 0.2 M perchrolic acid with a sonicator and subsequent centrifugation at 20,000 g for 10 min. An aliquot of supernatants was neutralized with 1 M KHCO~3~, followed by centrifugation and subsequent reaction for 2 min at room temperature with a derivatization reagent \[5 mg/ml o-phthalaldehyde, 1% β-mercaptoethanol and 0.36 M potassium borate (pH 10.4)\] for HPLC analysis as described previously [@pone.0048270-Ogura3]. An aliquot was injected into an analysis column (Symmetry C~18~ 3.5 µm, 4.6×75 mm). Elution was conducted using a programmable pump (Shimadzu LC-9A) with a linear gradient to 70% acetonitrile and 20 mM sodium phosphate (pH 6.0) at a flow rate of 1.0 ml/min. Derivatized amino acids were detected with a fluorometer (Shimadzu RF-10XL) by using an excitation wavelength of 340 nm and an fluorescence wavelength of 450 nm.

Determination of Cellular Proliferation {#s2e}
---------------------------------------

Five different visual fields were chosen at random from each culture well with undifferentiated P19 cells cultured with ATRA for a period of up to 4 days as described below under a phase contrast micrograph in a blinded fashion, followed by calculation of areas of round aggregates composed of clustered cells in parallel experiments for summation using Scion Image β 4.02 software (Scion Co., Frederick, MD, USA). Moreover, cultured cells collected by centrifugation at 300 g were incubated with 0.5 mg/ml MTT in phosphate-buffered saline (PBS) for 1 h at 37°C, followed by addition of 0.04 M HCl in isopropanol and subsequent shaking of the mixture for 10 min to dissolve the formazan. The dissolved suspension was subjected to an ELISA reader and the absorbance at a wavelength of 550 nm was measured as described previously [@pone.0048270-Fukumori1].

![Proneural genes with bHLH in stable transfectants.\
Transfectants were cultured with ATRA for 4 days under floating conditions, followed by cell harvest for total RNA extraction and subsequent RT-PCR analysis (*n* = 3). Typical pictures are shown in the panel (A), while quantitative data are shown in the panel (B). Values represent percentages of the ratios of expression of a proneural gene to GAPDH in each stable transfectant over those in G17 transfectant cells. \*P\<0.05, \*\*P\<0.01, significantly different from each control value in EV2 cells. ND, not detectable.](pone.0048270.g004){#pone-0048270-g004}

Determination of Cellular Differentiation {#s2f}
-----------------------------------------

The pluripotent P19 stem cells derived from murine embryonal carcinoma are shown to differentiate into neuronal and astroglial lineages after the commitment in the presence of ATRA as described previously [@pone.0048270-JonesVilleneuve1]. Undifferentiated P19 cells were plated onto 0.2% agarose coated dishes (φ100 mm) at a density of 1×10^5^ cells/ml in αMEM supplemented with 5% FBS and 0.5 µM ATRA, followed by culture for 4 days in either the presence or absence of 100 µM theanine under floating conditions for proliferation. Cell doubling time is reported to be 14.3±1.0 h with P19 cells [@pone.0048270-Mummery1]. These floating cells were harvested for trypsinization, followed by plating onto dishes previously coated with poly-L-lysine at a density of 2×10^5^ cells/ml in αMEM supplemented with 10% FBS and subsequent culture for an additional period up to 6 days in the absence of ATRA for induction of spontaneous differentiation. Culture medium was changed every 2 days, and cultures were maintained in a humidified atmosphere of 5% CO~2~/95% air at 37°C.

Reverse-transcription Polymerase Chain Reaction (RT-PCR) {#s2g}
--------------------------------------------------------

Total RNA was extracted from cultured cells using the standard ISOGEN procedure and then subjected to the synthesis of cDNA for RT-PCR. The individual cDNA species were amplified in a reaction mixture containing a cDNA aliquot, PCR buffer, dNTPs, relevant sense and antisense primers ([Table 1](#pone-0048270-t001){ref-type="table"}) and rTaq DNA polymerase as described previously [@pone.0048270-Uno1]. Reactions were initiated by incubating at 95°C for 10 min and PCR (denaturation at 95°C for 1 min, annealing at 50°C for 1.5 min and extension at 72°C for 2 min) was performed for 25 cycles with a final extension at 72°C for 5 min. Quantification was done at the cycle number with high linearity between mRNA expression and cDNA production by using primers for the housekeeping gene glyceraldehydes-3-phosphate dehydrogenase (GAPDH). In preliminary experiments, a clearly linear correlation was optimized with each primer set. The PCR product of each molecule yielded single bands corresponding to the expected base pairs. PCR reaction products were separated on 1.5% agarose gels with ethidium bromide for visualization. Appropriate PCR products were extracted from agarose gel using DNA extraction spin columns, followed by sequencing with ABI Prism 310 Genetic Analyzer (Perkin-Elmer) using a cycle sequencing kit. The relative abundance of each PCR product was determined by quantitative analysis of digital photographs of gels using Scion Image β4.02 software (Scion Co., Frederick, MD, USA). Densitometry was done with the individual PCR products by using a densitograph, followed by calculation of the ratios of expression of mRNA for each gene over that for GAPDH. For comparison of gene expression among different transfectant clones, percentages were calculated on the basis of expression ratios in G17 clone as 100%.

![Effects of theanine on NeuroD1 promoter activity in stable transfectants.\
(A) Each transfectant clone was transfected with NeuroD1 reporter plasmids with different lengths, followed by further culture with ATRA for an additional 4 days and subsequent determination of luciferase activity (*n* = 3). (B) Chemical structures of L-glutamine and L-theanine. (C) Each transfectant clone was also transfected with full-length NeuroD1 reporter plasmid, followed by further culture with ATRA in either the presence or absence of 100 µM theanine for an additional 4 days and subsequent determination of luciferase activity (*n* = 6). \*P\<0.05, \*\*P\<0.01, significantly different from each control value obtained in EV2 cells not cultured with theanine.](pone.0048270.g005){#pone-0048270-g005}

![Effects of theanine on cellular proliferation and differentiation in stable transfectants.\
Each transfectant clone was cultured with ATRA for 4 days in either the presence or absence of 100 µM theanine. Typical phase contrast micrographs are shown in the panel (A), while quantitative data are shown for the size of spheres formed during culture (*n* = 20) in the panel (B) and for MTT reduction (*n* = 8) in the panel (C), respectively. (D) Each transfectant clone was also cultured with ATRA in either the presence or absence of 100 µM theanine for 4 days, followed by dispersion for further culture for an additional 2 days and subsequent quantitative determination of the ratio of MAP2-positive cells over Hoechst33342-positive cells (*n* = 4). \*\*P\<0.01, significantly different from each control value obtained in EV2 cells not cultured with theanine.](pone.0048270.g006){#pone-0048270-g006}

Preparation of Reporter Plasmids {#s2h}
--------------------------------

Reporter plasmids for NeuroD1 promoter were individually prepared as follows. Mouse NeuroD1 promoter was obtained by cloning using the forward primer 5′-TCGAGCTC (SacI site) TGAGGTCATTCATTACTCC-3′ and the reverse primer 5′-GCAAGCTT (HindIII site) GAATTCCTCGTGTCCCGG-3′ with mouse genome. NeuroD1 (−1000 to +11) promoter fragments were cloned into the promoterless pGL-3 basic vector, to create the recombinant plasmid --1000/+11 NeuroD1-LUC. The deletion mutants of these promoter plasmids (−366/+11 and −112/+11 bp upstream for NeuroD1-LUC) were made from the recombinant plasmid --1000/+11 NeuroD1-LUC by using restriction enzymes and T4 DNA polymerase, respectively.

Reporter Assay {#s2i}
--------------

The pluripotent P19 cells were transiently transfected with a reporter plasmid containing the full-length or deletion mutant promoters of NeuroD1 along with the internal control vector pRL-SV40, by using the calcium phosphate method. In brief, 5 µg of plasmid DNA was dissolved in 250 µl of 0.25 M CaCl~2~, followed by addition of 250 µl of 11.76 g/l N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid sodium salt, 16.36 g/l NaCl, and 0.21 g/l Na~2~HPO~4~ at pH 6.95 and subsequent standing for 20 min before the addition to cultured cells drop-wise. Cells were further cultured at 35°C under 3% CO~2~ for an additional 24 h, followed by dispersion in trypsin-EDTA and subsequent suspension in αMEM containing 10% FBS for centrifugation at 400 g for 5 min. Cells were collected for plating at 1×10^5^ cells/ml in plates (φ100 mm) previously coated with 0.2% agarose, and cultured in DMEM/F-12 supplemented with 10% FBS and 0.5 µM ATRA in either the presence or absence of theanine for 4 days. Cells were lysed for determination of the luciferase activity using specific substrates in a luminometer according to the manufacturer's protocol. Transfection efficiency was normalized by determining the activity of Renilla luciferase. Approximately 30% of cells expressed green fluorescent protein (GFP) in P19 cells transfected with the EGFP-C2 plasmid under the transfection condition employed.

Procedures for Immunocytochemistry {#s2j}
----------------------------------

Cells were washed with PBS, followed by fixation with 4% paraformaldehyde for 20 min at 4°C and subsequent blocking with 10% normal horse serum or goat serum in PBS containing 0.1% Triton-X [@pone.0048270-Yoneyama1]. Cells were then reacted with an antibody adequately diluted against the neuronal marker protein MAP2 overnight at 4°C. Cells were reacted with the corresponding secondary antibody, an anti-mouse IgG antibody conjugated with rhodamine. Quantification was done by counting the number of cells immunoreactive for MAP2 on immunocytochemistry analysis, followed by calculation of individual percentages over the number of total cells stained with Hoechst33342 under a fluorescence microscope.

Western Blotting Analysis {#s2k}
-------------------------

Cultured P19 cells were washed with PBS and collected for lysis in CSK buffer \[(in mM): NaCl, 100; sucrose, 300; PIPES (pH 6.8), 10; MgCl~2~, 3; EDTA, 1 and 0.5% Triton X-100\]. Aliquots of extracts were added at a volume ratio of 4∶1 to 10 mM Tris-HCl buffer (pH 6.8) containing 10% glycerol, 2% SDS, 0.01% bromophenol blue and 5% 2-mercaptoethanol, followed by mixing and boiling at 100°C for 5 min. Each aliquot of 10 µg proteins was loaded on a 7.5% polyacrylamide gel for electrophoresis at a constant current of 15 mA/plate for 2 h at room temperature and subsequent blotting to a polyvinylidene fluoride membrane previously treated with 100% methanol. After blocking by 5% skimmed milk dissolved in 20 mM Tris-HCl buffer (pH 7.5) containing 137 mM NaCl and 0.05% Tween 20, the membrane was reacted with an antibody against MAP2 (1∶5000) or β-tubulin diluted with the buffer containing 1% skimmed milk to 1.0×10^4^-fold, followed by a reaction with an anti-mouse IgG antibody conjugated with peroxidase. Proteins reactive with those antibodies were detected with the aid of ECL™ detection reagents through exposure to X-ray films [@pone.0048270-Fukui1].

Data Analysis {#s2l}
-------------

Quantitative data are expressed as the mean ± S.E. and the statistical significance was determined by the two-tailed Student's *t*-test or the one-way analysis of variance (ANOVA) with Bonferroni/Dunnett *post hoc* test.

![Similarity between GlnT overexpression and theanine.\
P19 cells were cultured with ATRA for 3 or 4 days in either the presence or absence of theanine at a concentration range of 1 to 100 µM, followed by determination of cellular proliferation activity with (A) aggregate size (*n* = 4--5) and (B) MTT reduction (*n* = 4). (C) EV2 clone was cultured with ATRA for 4 days, followed by RNA extraction and subsequent determination of NeuroD1 mRNA expression (*n* = 4). \*\*P\<0.01, significantly different from each control value obtained in cells not exposed to theanine.](pone.0048270.g007){#pone-0048270-g007}

Results {#s3}
=======

Stable GlnT Transfectants {#s3a}
-------------------------

Amongst 17 clones selected by G418 in pluripotent P19 transfectant cells, GlnT mRNA was highly detected in several clones, such as G13 and G17, on Northern blotting analysis ([Fig. 1A](#pone-0048270-g001){ref-type="fig"}). However, an attempt to demonstrate the overexpression of GlnT at the protein level was unsuccessful so far on Western blotting analysis using three kinds of the anti-GlnT antibody available from different commercial sources (Proteintech, 12039-1-AP; Santa Cruz Biotechnology, sc-33439; Santa Cruz Biotechnology, sc-67080). We thus determined the endogenous level of Gln in these stable transfectants. The level of endogenous Gln was higher in G13 clone cells than in EV2 cells when determined by HPLC ([Fig. 1B](#pone-0048270-g001){ref-type="fig"}). Quantification of these data revealed that both G13 and G17 clones of stable GlnT transfectants showed more than two times higher Gln contents compared to the stable EV2 transfectant clone ([Fig. 1C](#pone-0048270-g001){ref-type="fig"}).

Pluripotent P19 cells were clustered to form round aggregates with growing sizes in proportion to the culture period up to 4 days under floating conditions along with a marked increase in MTT reduction as indices of cellular proliferation. Stable GlnT transfection led to a marked increase in the size of aggregates formed after the culture with ATRA for 4 days ([Fig. 2A](#pone-0048270-g002){ref-type="fig"}). In both stable GlnT transfectant clones cultured for 2 days, however, no significant increase was seen in the size of aggregates despite the significantly increased size in both transfectant cells cultured for 4 days ([Fig. 2B](#pone-0048270-g002){ref-type="fig"}). Moreover, MTT reduction was more than doubled in both stable GlnT transfectant clones compared to stable EV transfectants when determined after the culture for 4 days ([Fig. 2C](#pone-0048270-g002){ref-type="fig"}).

Pluripotent P19 cells differentiated into cells immunoreactive for MAP2 within 2 to 4 days after dispersion of aggregates previously cultured for 4 days, along with the disappearance of MAP2-positive cells and subsequent appearance of cells immunoreactive for the astroglial marker protein glial fibrillary acidic protein within 12 to 16 days as reported elsewhere [@pone.0048270-Takarada1], [@pone.0048270-Takarada2]. In both stable GlnT transfectant clones cultured for an additional 2 days after dispersion, however, a marked increase was seen in the number of cells immunoreactive for MAP2 over those positive to Hoechst33342 staining compared to stable EV transfectants ([Fig. 3A](#pone-0048270-g003){ref-type="fig"}). Repetition of these experiments for quantification clearly revealed that stable GlnT transfection significantly increased the number of MAP2-positive cells over that of Hoechst33342-positive cells in P19 cells cultured for 5 to 6 days in total ([Fig. 3B](#pone-0048270-g003){ref-type="fig"}). In GlnT transfectant cells cultured for 6 days, a marked increase was invariably seen in MAP2 expression over EV transfectants on Western blotting analysis ([Fig. 3C](#pone-0048270-g003){ref-type="fig"}). Stable GlnT overexpression was effective in more than tripling MAP2 levels in P19 cells cultured for 6 days ([Fig. 3D](#pone-0048270-g003){ref-type="fig"}).

Expression of Proneural Genes {#s3b}
-----------------------------

An attempt was next made to determine whether stable overexpression of GlnT leads to altered expression of a variety of basic helix-loop-helix (bHLH) genes responsible for the positive and negative regulation of neuronal differentiation of undifferentiated neural stem cells [@pone.0048270-Bertrand1]. These included activator (Mash1, Math3 and NeuroD1) and repressor (Hes1 and Hes5) types of bHLH factors. In undifferentiated stable EV transfectants cultured for 4 days, marked mRNA expression was seen for Mash1, NeuroD1 and Hes1, but not for Math3 or Hes5 ([Fig. 4A](#pone-0048270-g004){ref-type="fig"}). In undifferentiated two clones of stable GlnT transfectants, drastic upregulation was invariably found in mRNA expression of Math3 and Hes5, in addition to Mash1 and NeuroD1 ([Fig. 4B](#pone-0048270-g004){ref-type="fig"}). However, *Hes1* mRNA was similarly expressed in undifferentiated P19 cells irrespective of stable overexpression of GlnT, in contrast to other bHLH proneural genes examined.

NeuroD1 Promoter Activity {#s3c}
-------------------------

To confirm the upregulation of the activator type NeuroD1 mRNA expression, cells were transfected with a luciferase reporter plasmid linked to the NeuroD1 promoter from --1000 bp to +11 bp upstream, followed by culture for 4 days under floating conditions. A drastic increase was similarly induced in luciferase activity in two different clones of stable GlnT transfectants compared to stable EV transfectants ([Fig. 5A](#pone-0048270-g005){ref-type="fig"}). However, no significant change was found in luciferase activity with deletion promoter constructs of either −366/+11 bp or −112/+11 bp upstream in stable GlnT transfectants.

Since the green tea ingredient theanine is a structural analog of Gln ([Fig. 5B](#pone-0048270-g005){ref-type="fig"}) with a property to strongly inhibit \[^3^H\]Gln incorporation mediated by GlnT in cultured rat neurons and astroglia [@pone.0048270-Kakuda1], pharmacological profiles of this inhibitor were next investigated with the NeuroD1 promoter activity in stable GlnT transfectants *in vitro*. In control stable EV transfectants, indeed, sustained exposure to 100 µM theanine for 4 days more than doubled luciferase activity with the full length promoter plasmid of --1000/+11 bp upstream ([Fig. 5C](#pone-0048270-g005){ref-type="fig"}). In two different clones of stable GlnT transfectants, by contrast, no significant further promotion was found in the drastically-elevated luciferase activity even after sustained exposure to 100 µM theanine under similar experimental conditions.

Pharmacological Profiles of Theanine in Stable GlnT Transfectants {#s3d}
-----------------------------------------------------------------

Sustained exposure to 100 µM theanine for 4 days markedly increased the size of aggregates composed of clustered cells in control stable EV transfectants cultured under floating conditions in line with the increased NeuroD1 promoter activity, while theanine failed to further enlarge the increased size of aggregates in both G13 and G17 clones of stable GlnT transfectants ([Fig. 6A](#pone-0048270-g006){ref-type="fig"}). Repetition and quantification of these experiments clearly confirmed the failure of theanine to additionally increase the size of aggregates composed of clustered cells in both G13 and G17 clones of stable GlnT transfectants, along with a significant increase by theanine in the aggregates size in control stable EV transfectants ([Fig. 6B](#pone-0048270-g006){ref-type="fig"}). Similarly, a significant increase was seen in MTT reduction in control stable EV transfectants exposed to theanine for 4 days, but not in the two clones of stable GlnT transfectants cultured with 100 µM theanine for 4 consecutive days ([Fig. 6C](#pone-0048270-g006){ref-type="fig"}). Prior exposure to theanine for 4 days significantly increased the number of cells immunoreactive for MAP2 in stable EV transfectants when determined 2 days after dispersion, while no significant further increase was seen in the number of MAP2-positive cells in the G13 clone of stable GlnT transfectants ([Fig. 6D](#pone-0048270-g006){ref-type="fig"}).

In order to evaluate the possible similarity between GlnT overexpression and theanine exposure, undifferentiated P19 cells were cultured with ATRA for 3 to 4 days in the presence of theanine at different concentrations up to 100 µM under floating conditions. Irrespective of the culture period, indeed, sustained exposure to theanine at 100 µM significantly increased the aggregate size ([Fig. 7A](#pone-0048270-g007){ref-type="fig"}) and MTT reduction ([Fig. 7B](#pone-0048270-g007){ref-type="fig"}) determined as indices of cellular proliferation activity. Theanine at 100 µM was also effective in significantly increasing mRNA expression of NeuroD1 in stable EV transfectants cultured for 4 days ([Fig. 7C](#pone-0048270-g007){ref-type="fig"}).

Discussion {#s4}
==========

The essential importance of the present findings is that stable overexpression of GlnT ( = slc38a1) led to marked increases in both aggregates formation and subsequent differentiation into MAP2-positive cells in undifferentiated pluripotent P19 cells. The present drastic upregulation of both activator and repressor types of bHLH proneural genes gives rise to an idea that particular bHLH factors would be responsible for the promotion of both proliferation for self-replication and neuronal differentiation in stable GlnT transfectants. For example, the activator type bHLH factor NeuroD1 is shown to be essential for the survival and neuronal differentiation of neural stem cells during adult neurogenesis [@pone.0048270-Kuwabara1], [@pone.0048270-Gao1]. Microarray gene analysis identifies NeuroD1 as a gene highly correlated with the terminal differentiation into neurons during postnatal and adult neurogenesis [@pone.0048270-Boutin1]. *In vivo* overexpression of NeuroD1 leads to rapid appearance of cells with morphological and molecular features of matured neurons, while knockdown by shRNA of NeuroD1 results in marked inhibition of terminal neuronal differentiation [@pone.0048270-Boutin1].

In Mash1-null mice, moreover, a severe loss is particularly seen for neuronal precursors, together with disappearance of the Notch signaling target Hes5, in the ventral telencephalon enriched of Mash1 during neurogenesis [@pone.0048270-Casarosa1]. Notch signaling is shown to mediate a cell-cell interaction for the maintenance of dividing cells and subsequent generation of different progeny cell lineages in a manner dependent on the expression of the repressor type bHLH genes Hes1 and Hes5, which antagonize the activator type neuronal bHLH genes such as Mash1 [@pone.0048270-Kageyama1]. However, both Hes1 and Hes5 are essential Notch effectors in negatively regulating mammalian neuronal differentiation [@pone.0048270-Ohtsuka1]. Taken together, the present drastic upregulation of both activator and repressor types of bHLH proneural genes would be at least in part involved in molecular mechanisms underlying the promotion of both proliferation and neuronal differentiation in pluripotent P19 cells with stable overexpression of GlnT. To our knowledge, this is the first direct demonstration of promotion of both proliferation and neuronal differentiation through a mechanism relevant to upregulation of activator and repressor types of bHLH proneural genes in undifferentiated pluripotent P19 cells with stable overexpression of GlnT.

Nevertheless, the exact signaling mechanism from stable overexpression of GlnT to upregulation of bHLH proneural genes is not clarified so far. One possible but hitherto unproven speculation is that the intracellular Gln level would be at least in part responsible for the promotion of transactivation of particular target genes including bHLH factors in the nucleus. For example, Gln is shown to inhibit the activation by arginine and leucine of the mammalian target of rapamycin (mTOR) signaling in cultured rat intestinal epithelial cells [@pone.0048270-Nakajo1]. In cultured Jarkat cells, mTOR activation occurs only in the presence of an extracellular amino acid complement with Gln as an obligatory component [@pone.0048270-Fumarola1]. Increased intracellular Gln levels lead to promotion of the influx of extracellular essential amino acids, such as leucine, in exchange for the efflux of intracellular Gln, which consequently results in activation of the mTOR signaling pathway required for protein translation, cell growth and deteriorated autophagy toward the facilitation of cell growth and proliferation [@pone.0048270-Nicklin1]. Moreover, mTOR signals are shown to regulate the neural progenitor status through a mechanism associated with upregulation of Hes5 and Pax6 expression in pluripotent P19 cells cultured with ATRA [@pone.0048270-Endo1]. These previous findings all give rise to an idea that stable overexpression of GlnT would lead to activation of the mTOR signaling pathway responsible for subsequent promotion of gene transactivation of particular activator and repressor bHLH factors in neural progenitors. The exact mechanism as well as the physiological significance, however, remains to be elucidated in future studies.

One of the interesting findings obtained in this study is that the Gln analog theanine ( = γ-glutamylethylamide) similarly promoted both proliferation and neuronal differentiation in P19 cells with stable EV transfection without further stimulating both activities in stable GlnT transfectants. Theanine is shown to protect hippocampal CA1 pyramidal neurons from delayed neuronal cell death in gerbils with bilateral forebrain global ischemia [@pone.0048270-Kakuda3], while theanine is a poor inhibitor of ligand binding to three different ionotropic receptor subtypes of the excitatory amino acid neurotransmitter glutamate in rat cortical synaptic membranes [@pone.0048270-Kakuda4]. A structural evaluation clearly reveals a higher similarity of theanine to Gln rather than glutamate with regard to the amide moiety, suggesting that theanine could elicit its neuroprotective action through a mechanism relevant to Gln rather than glutamate in the brain. Theanine is metabolized by phosphate-independent glutaminase responsible for the degradation of Gln in rat kidney, but not by phosphate-dependent glutaminase enriched in the brain [@pone.0048270-Tsuge1]. In our previous study [@pone.0048270-Kakuda1], indeed, theanine strongly inhibits \[^3^H\]Gln incorporation sensitive to MeAIB without affecting \[^3^H\]glutamate incorporation in rat brain synaptosomal fractions. Moreover, \[^3^H\]theanine is incorporated into cultured rat brain neurons and astroglia in a Gln-sensitive manner [@pone.0048270-Kakuda1]. These previous findings together with the present data give support to the proposal that theanine would promote both proliferation and neuronal differentiation through a mechanism common to stable GlnT overexpression in undifferentiated pluripotent P19 cells. From this point of view, it should be emphasized that stable overexpression of GlnT drastically facilitated the promoter activity of NeuroD1 endowed to activate neuronal differentiation with a concomitant failure of theanine to further stimulate the elevated promoter activity in undifferentiated pluripotent cells. By taking into consideration the relatively high effective concentration, however, it is unlikely that daily intake of green tea would positively regulate the proliferation for self-replication and the differentiation into neurons of neural stem cells locally expressed in particular brain regions in human beings *in vivo*. The possibility that theanine would be a future target molecule for the discovery and development of drugs useful for the prophylaxis and/or treatment of different neurodegenerative and neuropsychiatric diseases, however, is not ruled out so far.

Conclusion {#s4a}
----------

It thus appears that GlnT plays a role as a modulator of both proliferation and neuronal differentiation in neural progenitor cells before commitment during neurogenesis, in addition to a role as a supplier of the neurotransmitters GABA and glutamate in neurons, in the brain. Modulation of the functionality of GlnT would be thus of a great benefit for the regeneration and supplementation without surgical implantations of progenitor cells in patients with a variety of brain diseases relevant to neuronal and/or astroglial dysfunctions in a particular situation.
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